The preferred location of boron and phosphorus in oxidized free-standing Si nanoparticles was investigated using a first-principles density functional approach. The calculated formation energies indicate that P should segregate to the silicon core, whereas B is equally stable in the Si and SiO2 regions. Our models thus suggest that, in contrast with nanocrystals with H-terminated surfaces, the efficiency of phosphorus incorporation in oxidized Si nanoparticles can be improved by thermal annealing.
Silicon nanocrystals have emerged as a promising strategy to achieve light generation and amplification using silicon. Adding to the advantages of bulk silicon, they offer variable bandgap, increased luminescence efficiency [1] , and the possibility of multiple exciton generation [2, 3] . Together with size, shape, and surface functionalization, impurity doping can be used to control the optical and electronic properties, conferring to the silicon nanocrystals an extraordinary degree of design flexibility.
Boron and phosphorus doping has been achieved both for self-standing nanoparticles synthesized using plasma approaches [4, 5] , and for Si nanoparticles embedded in glass matrix (usually SiO 2 , borosilicate or phosphosilicate) [6] . However, the doping efficiency is often limited by the segregation of the impurity to the surface or to the surrounding matrix [4, 5, 7, 8] .
The tendency for impurity segregation depends on the nanoparticle morphology and growth method. In Si nanocrystals with hydrogen-terminated surface, according to both experimental and theoretical studies, P segregates to the surface, saturating Si dangling bonds [4, 8, 10] . Boron was found by theoretical studies [7, 8, 11 ] to be more stable in the sub-surface layer or at the surface itself, but in practice seems to be incorporated in the nanocrystal core, since subsequent oxidation of the outer shells of the nanocrystal does not decrease the fraction of electrically active B atoms [4] .
The opposite behavior is observed in SiO 2 -embedded silicon nanocrystals. In this case, phosphorus segregates to the Si-rich region [28] . Segregation to the silicon region has also been observed in Si-SiO 2 interfaces, [9] where it has been confirmed by atomistic modeling [12] . For heav- * aicarvalho@ua.pt ily implanted material, though, P pile-up at the interface is observed instead [13] . The case of boron is not so clear. It has been found to have a segregation coefficient s = C Si /C SiO2 = 0.3, where = C Si and C SiO2 are the equilibrium concentrations [9] . The piling-up at the Si-side of the interface during segregation was justified by its low diffusivity in SiO 2 . However, theoretical results indicate that it is more stable at the Si-side of the interface or in the Si bulk. [12, 14, 15] In this paper, we use first principles calculations, based on density functional theory, to show that in Si nanocrystals covered by a SiO 2 shell, the preferred location of P is at the nanocrystal core, whereas B has similar energy on either side, thus confirming that the behavior is different from H-passivated silicon nanocrystals.
The calculations were carried out using the Aimpro code [18] [19] [20] [21] . The core electrons were modeled with the dual space separable pseudopotentials by Hartwigsen, Goedecker and Hutter [22] . The basis set consisted of atom-centered Cartesian-Gaussian functions [23] . A contracted basis with 13 functions per atom was used for Si, whereas for O and B we used uncontracted basis sets with a total of 40 and 28 Gaussian basis functions per atom, respectively. A Padé parametrization of a functional based on the local density approximation was employed for the exchange and correlation energy [24] .
The models for the oxidized silicon nanoparticles consisted of an approximately spherical Si core of 1.5 nm diameter, surrounded by an amorphous SiO 2 shell with about 2 nm outer diameter. Three models were considered. The starting structures were obtained from the results of molecular dynamics simulations of 1800 K annealings during 2.0 ps, 2.3 ps and 2.6 ps, as detailed in Ref. 25 . Dangling bonds were passivated with hydrogen atoms. The compositions of the Si-NPs were Si 161 O 196 H 59 for nanoparticles I and II, and Si 161 O 196 H 57 for nanoparticle III. Nanoparticle I was the same used in a previous study [25] . The models had no periodic boundary conditions imposed. The starting structures were relaxed at 0 K, using a conjugate gradient algorithm, with the Aimpro code. The radial pair distribution function for Si, shown in Fig. 1 for the three nanocrystal models, shows that the core consisting of the first two shells of atoms surrounding the central Si atom has crystalline character, whereas the SiO 2 is amorphous. The preferred locations for substitutional boron (B s ) and substitutional phosphorus (P s ) were investigated by comparing the energy of the doped nanoparticles obtained by replacing boron or phosphorus for each of the 161 silicon atoms in the three models I-III. We have considered the equilibrium charge states of B s and P s , which are B − s and P + s both in Si and SiO 2 [26] . The formation energies (E f ) of B − s and P + s are given relative to those of the equivalent defects in bulk silicon, calculated using as standard 512 atom supercell:
where 'NP' is the undoped silicon nanoparticle and NP i : X is a similar nanoparticle but with X = B − or P + at the ith Si site. The energy scales of both systems have been aligned using the vacuum energy as standard.
The results show an appreciable difference between B s and P s (Fig. 2) . For boron, the formation energy is nearly independent on the location. The average formation energies are slightly lower at the interface, but the difference between average values is smaller than the width of the energy distributions represented by the errorbars. Phosphorus, however has a preference for the Si core region. At the oxide shell, the formation energy is higher by about 2 eV.
A fundamental factor determining the change of formation energy from the core to the shell is the difference between the bonding energies of B or P to Si or O. We analyze the correlation between the formation energy and the type and number of bonds to the nearest neighbors, counting the number of bonds in the basis of a geometrical criteria: if the distance between two atoms exceeds the sum of their Van der Waals radii by less than 0.5Å, we consider the two atoms bonded [27] . The top histogram of Fig. 3 shows that the energy distribution for substitutional boron is asymmetric, with a negative skew. In general, three-fold coordinated structures have low energy. Four-fold coordinated structures are evenly distributed on the two sides of the peak, independently of B − bonding to Si or O. This shows that the cost of replacing a Si-Si bond by a B − -Si bond is approximately the same as the cost of replacing a Si-O bond by a B − -O bond.
For P + s , the energy distribution is bimodal (Fig. 3,  bottom) . The lowest energy peak is centered at about 2 eV below the average formation energy E f , whilst the higher energy peak is about 1 eV above it. The low-est energy peak is dominated by four-fold coordinated defects. Structures where P + s bonds to four Si neighbors have the lowest energy, followed by the structures where P + is bonded to both O and Si. The samples where P + has four oxygen neighbors are highest in energy amongst four-fold coordinated structures. Hence, the preference of phosphorus for the Si core is driven by the lower energy necessary to form a P + -Si bond at the expense of a Si-Si bond, as compared to the energy necessary to form a P + -O bond at the expense of a Si-O bond. We now compare the results of the present investigation to those found for H-terminated nanocrystals [8] . When discussing the behavior observed in samples grown by different methods, we assume that the dopants have enough thermal energy to diffuse to the most favorable dopant locations. During growth, that is very likely the case.
Since H is less electronegative than O, in H-terminated Si nanocrystals the formation energy of four-fold coordinated B − or P + is nearly independent on the lattice position it occupies [8] . Both B and P are stabilized at the surface by loosing one hydrogen to become three-fold coordinated, but the energy released is greater for the latter. This may explain why P segregates to the surface of H-terminated silicon nanocrystals, but the same has not been observed for B [4] . On the other hand, we find that P should diffuse from the SiO 2 shell of SiO 2 -covered nanoparticles or to the Si-SiO 2 interface to the Si nanoparticle core. This is in agreement with the segregation behavior observed for Si nanocrystals embedded in an SiO 2 matrix [28] . Boron, however, is predicted to have no energetic preference for the Si or SiO 2 regions.
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